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Effect of Vacuum Annealing on Superconductivity in FeCSe^Te) Single Crystals 
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The effect of vacuum anneahng on superconductivity is investigated in Fe(Se,Te) single crystals. It is found that 
superconductivity is not enhanced by annealing under high vacuum (~ 10~^ Pa) or by annealing in a sealed evacuated 
quartz tube. In a moderate vacuum atmosphere (~ 1 Pa), iron oxide layers are found to show up on sample surfaces, 
which would draw excess Fe out of the crystal. Thus, it is suggested that remanent oxygen effectively works to remove 
excess Fe from the matrix of Fe(Se,Te) crystals, resulting improvement of superconducting transition temperature. Our 
transport measurements suggest that the excess Fe scatters the carriers on electron- and hole-type channels in a different 
manner We discuss how the mobility of two types of carriers correlate with superconductivity. Since both the electron 
and hole bands are important for the occurrence of superconductivity, excess Fe would suppress superconductivity 
mainly due to strong scattering of electrons. 
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1. Introduction 

As grown Fe(Se,Te) crystals often show poor or no super- 
conductivity, probably due to the existence of interstitial Fe 
atoms. ^~^^ It was recently reported that as grown, weakly su- 
perconducting Fe(Se,Te) crystals attain bulk superconductiv- 
ity after a long time vacuum annealing, ^^ but it has remained 
as an open question what is the essential role of the vacuum 
annealing for the recovery of superconductivity. In this re- 
port, we have intensively characterized bulk single crystals 
before and after annealing for different annealing conditions, 
and found that vacuum annealing procedure can reduce the 
amount of excess Fe, if the degree of vacuum is not too high 
(for example ~1 Pa), i.e., in the presence of small oxygen 
partial pressure. Fe(Se,Te) is also known to become super- 
conducting by immersing in alcoholic beverage^"^^ or oxygen 
annealing,^' ^^^ or iodine treatment, ^^^ or annealing under tel- 
lurium vapor, ^^^ and the possible deintercalation of excess Fe 
was discussed. We examine the transport properties of crys- 
tals with different excess Fe concentrations, and discuss the 
effect of excess Fe on superconductivity. 

2. Experiment 

Single crystals of Fei+^CSeo.sTeoj) are grown by Bridgman 
method. Metal grains of Fe (99.99%), Se (99.999%), and Te 
(99.999%) are stoichiometrically weighed, doubly sealed in 
evacuated quartz tubes, and heated in a tube furnace with 
a temperature gradient of ~10°C/cm. They are first heated 
up to 1050°C, and then the temperature is slowly decreased 
to 600°C by -1 to -3°C/hour, followed by furnace cooling. ^^ 
Grown crystals are annealed in three different conditions: (a) 
annealed in a sealed quartz tube (pressure is ~ 1 Pa in the tube. 
Sample A), (b) annealed in a quartz tube with evacuating by a 
rotary pump (~1 Pa, Sample B), and (c) annealed in a quartz 
tube with evacuating by a diffusion pump (~10"^Pa, Sample 
C). These conditions are summarized in Table I. Chemical 
composition is analyzed using Electron Probe Microanalyzer 
(EPMA, JEOL JXA-8100). Spatial homogeneity of the crys- 
tal is checked by elemental mapping and wavelength disper- 



Table I. Summary of the vacuum annealing conditions. 



Vacuum condition 



Sample 

Sample A Sealed in an evacuated quartz tube (~1 Pa) 

Sample B Kept evacuating by a rotary pump (~1 Pa) 

Sample C Kept evacuating by a diffusion pump (~ 10~-^Pa) 



sive x-ray spectroscopy (WDS) at more than 20 points at var- 
ious length scales. Magnetic properties are measured using 
Quantum Design's Magnetic Properties Measurement System 
(MPMS) , and transport properties are measured by conven- 
tional 4-terminal method using Quantum Design's Physical 
Properties Measurement System (PPMS). 

3. Results and discussion 

The grown crystals can be cleaved easily and show shiny 
surfaces after cleaved. Chemical analyses of the as grown 
crystal using EPMA show that concentrations of all three el- 
ements (Fe, Se, and Te) are spatially homogeneous within 
a relative error of 1%, and the chemical composition of the 
as grown sample is Fe1.07Seo.29Teo.71. Note that the absolute 
value of atomic concentration measured by EPMA usually 
contains some ambiguity, so we write the composition of this 
crystal as Fei+^Seo.3Teo.7 for clarity. 

Superconductivity in as grown crystals is weak, as shown in 
Fig. 1 . To investigate the effect of vacuum annealing, three an- 
nealing conditions are examined (Table I). Three samples are 
heated at 400°C for 100 hours in different vacuum conditions, 
and it is found that only Sample B shows bulk superconduc- 
tivity. For Sample A and C, superconductivity disappears after 
annealing (Fig. 1). 

After the different vacuum annealing, we find that Samples 
A and C keep their shiny surfaces, while Sample B is covered 
with fragile black layers which can be easily removed me- 
chanically and shiny surfaces appear under the black layers. 
To characterize this black layer, magnetization measurements 
and surface chemical analyses are performed. 

Figure 2 shows magnetization data of as grown and vac- 
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Fig. 3. (a) Optical microscope image of Sample B. (b) - (e) Elemental map- 
ping of Fe, O, Se, and Te for the same area as (a). The lefthand side of the 
area is peeled to remove surface black layers, and the righthand side is as 
annealed surface. On the as annealed surface, almost no Se or Te is detected. 



Fig. 1. Zero field cooled (ZFC) susceptibility data for as grown sample and 
three annealed samples. Bulk superconductivity appears only in Sample B. 



tioned before. As grown sample shows Curie-like behavior 
at low temperature. Vacuum annealed sample with black lay- 
ers shows large magnetization, and magnetic transition is ob- 
served at -120 K. It is suggested that this magnetic transition 
is Verwey transition of magnetites and the black layers would 
contain Fe304. It is interesting to see that this magnetic tran- 
sition disappears after removing the black layers, which in- 
dicates the absence of Fe304 inside the remaining crystals. 
Figure 3 is elemental mapping data of Sample B where the 
black layer is partially removed. On the surface where the 
black layer is removed, strong signals of Fe, Se, and Te are 
detected, but on the as annealed surface (righthand side of the 
figure), only Fe and O are detected. This observation indi- 
cates that the black layers mainly consist of Fe oxides, which 
is consistent with the magnetization data. It should be noted 
that point quantitative analysis at the peeled surface shows 
that the amount of excess Fe, d is slightly reduced to -0.05. 

The results shown in Figs. 1 and 2 suggest that bulk su- 
perconductivity emerges due to reduction of interstitial iron 
atoms which would be dragged by oxygen in a moderate vac- 
uum atmosphere. In this study, vacuum made by a rotary 
pump is kept at ~1 Pa, and during evacuation, there should 
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Fig. 2. High field magnetization data for as grown sample and Sample B. 



be continuous air leakage. Therefore, oxygen partial pressure 
would be an order of 0. 1 Pa in the case of Sample B. A recent 
study of oxygen annealing^^ reported that 1 % oxygen anneal- 
ing is also eff'ective for bulk superconductivity. There would 
be eff'ective partial pressure range of oxygen for the enhance- 
ment of superconductivity without decomposing crystals. 

Using single crystals with diff'erent amount of d, the influ- 
ence on transport properties of interstitial Fe is studied. Fig- 
ures 4 and 5 show the temperature dependences of resistiv- 
ity and Hall coefficient data of as grown sample, vacuum an- 
nealed Sample B and C. (For both annealed samples, surface 
layers are removed before measurements.) The normal state 
transport properties of Sample C which is annealed in high 
vacuum look mostly unchanged, and superconducting transi- 
tion becomes broad. This shows that the vacuum annealing 
itself is not eff'ective for the improvement of superconduc- 
tivity. The resistivity data of Sample B shows disappearance 
of localization behavior and metallic temperature dependence 
emerges at low temperature. Superconducting transition tem- 
perature and transition width are also improved. This localiza- 
tion behavior of as grown sample and Sample C is considered 
to be due to the interstitial Fe atoms. 

This change of the localization behavior is indicated in the 
data of Hall coeflftcient as well. Hall coefficients of as grown 
sample and Sample C are almost the same in whole tempera- 
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Fig. 4. Temperature dependences of the resistivity in as grown sample and 
vacuum annealed samples. Moderately annealed Sample B shows higher Tc 
and metallic conduction at low temperatures. Surface layers of the vacuum 
annealed samples are removed for the transport measurements. 
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Fig. 5. Temperature dependences of Rh in as grown sample, and vacuum 
annealed samples. Sample C which is annealed in high vacuum shows almost 
the same behavior as the as grown sample. Sample B, annealed in a moderate 
vacuum, shows suppression of/?// at low temperatures. 



desired. 

4. Conclusion 

Vacuum annealing effect on the enhancement of super- 
conductivity in Fe(Se,Te) single crystals is investigated. It is 
found that iron oxide layers are formed on the crystal sur- 
faces after annealing in a moderate vacuum condition, and the 
amount of excess Fe is reduced inside the crystal where bulk 
superconductivity shows up. Transport measurements of sam- 
ples with different excess iron concentration d suggest that the 
interstitial iron atoms would scatter electrons more strongly 
than holes. This would cause electrons to localize, and hence 
the superconductivity is suppressed. 

This work was supported by the Strategic International Col- 
laborative Research Program (SICORP), Japan Science and 
Technology Agency. 



ture range. As for Sample B, Hall coefficient also shows the 
same behavior at T > 100 K. According to the band calcula- 
tion results, ^^~^^^ FeSe system has at least four bands which 
cross the Fermi level, but it is unrealistic to deal with all the 
conduction bands. Thus, we apply a simplified two carrier 
model with one hole band and one electron band.^^' ^^^ Within 
the classical two carrier model, the Hall coefficient Rr is ex- 
pressed as follows; 



«»=i 



Uh^ll - Ue^l 



(1) 



Here, nhijie) is hole-type (electron-type) carrier density, 
lihijJie) is hole (electron) mobility, and e is the elementary 
charge. As shown in Fig. 5, the temperature dependences of 
Hall coefficient at T > 150 K are rather flat and the abso- 
lute value of Rh is almost the same between three samples, 
which would suggest that the carrier density does not change 
after the reduction of interstitial Fe atoms. One can easily 
confirm that the equation (1) is a monotonically increasing 
function of jih/j^e, and the steep increase of Rh at low tem- 
peratures in as grown sample and Sample C means that jih/j^e 
increases rapidly with decreasing temperature. Since the re- 
sistivity data suggest carrier localization behavior at low tem- 
peratures in these 2 samples, the increase of j^h/j^e probably 
means suppression of yu^. Therefore, the existence of intersti- 
tial iron would cause the suppression of jie at low tempera- 
tures, and this suggests that the interstitial iron atoms would 
scatter electrons more strongly than holes. This would in- 
dicate that the suppression of superconductivity in Fe-rich 
crystals occurs mainly due to suppression of the itinerancy 
of electron-type carriers at low temperatures. ^^' ^^^ Since the 
interstitial iron makes the phase diagram of this FeSe-FeTe 
system complicated, researchers have tried to make the phase 
diagram with fewer excess iron,^^'^^^ but it is still unclear, for 
example, whether magnetism and superconductivity coexist 
or not, and therefore, excess Fe free phase diagram is highly 



1) B. C. Sales, A. S. Sefat, M. A. McGuire, R. Y. Jin, D. Mandrus, and Y. 
Mozharivskyj: Phys. Rev. B 79 (2009) 094521. 

2) T.J. Liu, X. Ke, B. Qian, J. Hu, D. Fobes, E. K. Vehstedt, H. Pham, J. H. 
Yang, M. H. Fang, L. Spinu, R Schiffer, Y. Liu, and Z. Q. Mao: Phys. 
Rev. B 80 (2009) 174509. 

3) R. Viennois, E. Giannini, D. van der Marel, and R. Cerny: J. Solid State 
Chem. 183 (2010) 769. 

4) C. S. Yadav, and R L. Paulose: J. Appl. Phys. 107 (2010) 083908. 

5) V. Thampy, J. Kang, J. A. Rodriguez-Rivera, W. Bao, A. T. Savici, J. Hu, 
T. J. Liu, B. Qian, D. Fobes, Z. Q. Mao, C. B. Fu, W. C. Chen, Q. Ye, 
R. W. Erwin, T. R. Gentile, Z. Tesanovic, and C. Broholm: Phys. Rev. 
Lett. 108 (2012) 107002. 

6) T. Noji, T. Suzuki, H. Abe, T. Adachi, M. Kato, and Y. Koike: J. Phys. 
Soc. Jpn. 79(2010)084711. 

7) K. Deguchi, Y. Mizuguchi, Y. Kawasaki, T. Ozaki, S. Tsuda, T. Yam- 
aguchi, and Y. Takano: Supercond. Sci. Technol. 24 (2011) 055008. 

8) K. Deguchi, D. Sato, M. Sugimoto, H. Hara, Y. Kawasaki, S. Demura, 
T. Watanabe, S. J. Denholme, H. Okazaki, T. Ozaki, T. Yamaguchi, H. 
Takeya, T. Soga, M. Tomita, and Y. Takano: Supercond. Sci. Technol. 
25 (2012) 084025. 

Y. Sun, T. Taen, Y. Tsuchiya, Z. X. Shi, and T. Tamegai: Supercond. Sci. 
Technol. 26 (2012) 015015. 

Y. Mizuguchi, K. Deguchi, S. Tsuda, T. Yamaguchi, and Y. Takano: Eu- 
rophys. Lett. 90 (2010) 57002. 

11) E. E. Rodriguez, C. Stock, R-Y. Hsieh, N. R Butch , J. Paglione and M. 
A. Green: Chem. Sci. 2 (2011) 1782. 

12) Y. Koshika, T. Usui, S. Adachi, T. Watanabe, K. Sakano, S. Simayi, and 
M. Yoshizawa: J. Phys. Soc. Jpn. 82 (2013) 023703. 

13) A. Subedi, L. Zhang, D. J. Singh, and M. H. Du: Phys. Rev. B 78 (2008) 
134514. 

14) Y. Xia, D. Qian, L. Wray, D. Hsieh, G. F. Chen, J. L. Luo, N. L. Wang, 
and M. Z. Hasan: Phys. Rev. Lett. 103 (2009) 037002. 

15) F. Ma, W. Ji, J. Hu, Z.-Y. Lu, and T. Xiang: Phys. Rev. Lett. 102 (2009) 
177003. 

16) I. Tsukada, M. Hanawa, S. Komiya, T. Akiike, R. Tanaka, Y. Imai, and 
A. Maeda: Phys. Rev. B 81 (2010) 054515. 

17) I. Tsukada, M. Hanawa, S. Komiya, A. Ichinose, T. Akiike, Y. Imai, and 
A. Maeda: J. Phys. Soc. Jpn. 80 (2011) 023712. 

18) K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani, and H. 
Aoki: Phys. Rev. Lett. 101 (2008) 087004. 

19) C. Dong, H. Wang, Z. Li, J. Chen, H. Q. Yuan, and Minghu Fang: Phys. 
Rev. B 84 (2011) 224506. 

20) Y. Kawasaki, K. Deguchi, S. Demura, T. Watanabe, H. Okazaki, T. 
Ozaki, T. Yamaguchi, H. Takeya, and Y. Takano: Solid State Commun. 
152(2012) 1135. 



9) 
10) 



